In this work, we reported a simple, fast, and sensitive determination of ractopamine (RAC) residues in pork by using novel ractopamine-tetraphenylborate complexed nanoparticles (RT NPs) as sensors. The prepared RT NPs exhibited a fast response time of 10 s, a wide linear range from 0.1 to 1.0 × 10 −7 mol/L, and a very low detection limit of 7.4 × 10 −8 mol/L. The prepared sensor also presents a high selectivity for ractopamine under different pH conditions ranged from 2.85 to 7.18. These results reveal that the fabricated RT NPs can be used as efficient electrochemical sensors to determine ractopamine in animal productions.
Background
Ractopamine (RAC) is a β-agonist and belongs to the phenyl ethanolamine group. Adding RAC to the fodder can reduce the fat deposition and increase the muscle in animals. However, RAC residues in the liver, lung, and other organs will cause a series of health problems for consumers, such as muscular tremors, tachycardia, cardiac palpitation, dizziness, and even death [1] . Because of these potential risks to consumers, RAC is not licensed for animal production in many countries. Therefore, intensive attention has been attracted in developing various analytical methods to assay RAC in animal feeds, tissues, and body fluid, such as HPLC [2] [3] [4] , gas chromatographymass spectrometry [5, 6] , liquid chromatography-mass spectrometry [7] [8] [9] [10] , fluorescence spectrometry [11, 12] , and enzyme-linked immunosorbent assay [13] [14] [15] [16] , and these methods have been reported. However, the overcoming of time-consuming procedures, expensive instrument, complex treatment steps, and the needs of skilled operators are still challenges for convenient and rapid determining of RAC.
In recent years, nanomaterial, as a new class of materials, has been widely applied in various fields, especially in biomedical science [17] [18] [19] [20] [21] . Due to their unique physical and chemical properties, such as large surface/volume ratio, excellent electrocatalytic activity, good conductivity, and high mechanical strength, the nanomaterials attracted intensive attention on application of electrochemical sensors and biosensors [17, 22] . An electrochemical method has been widely reported in determination of biological samples due to its advantages of low cost, simple operation, and fast detection [23, 24] . Therefore, the electrochemical method for determination of ractopamine has attracted much attention of researchers [25] [26] [27] . In this paper, as schematic in Figure 1 , we proposed a strategy to prepare ractopamine-tetraphenylborate complexed nanoparticles by the virtue of self-assembly induced by the interaction between positive and negative charges. We intend to use the fabricated ractopamine-tetraphenylborate complexed nanoparticles (RT NPs) as modifiers to form an electrochemical sensor with a carbon paste electrode and apply it to determine ractopamine in pork samples conveniently and rapidly.
Methods

Reagents
All the chemicals used were analytical grade. Triply distilled deionized water was used during all the experiments. Graphite of high molecular weight, ractopamine hydrochloride (reference standard) and tetraphenylboron sodium (ACS reagent, 99.5%) were purchased from Sigma-Aldrich, St. Louis, MO, USA. The pork samples were purchased from a local supermarket.
Preparation of RT NPs
The RT NPs were prepared as follows: RAC solution (2.0 mmol/L) was slowly dropped into 2.0 mmol/L tetraphenylboron sodium (TPB) solution under vigorous stirring. Then, the mixture was kept still and aged for 20 h. The obtained precipitates were separated by centrifugation at 18,000 r/min and rinsed by distilled water for five times. Finally, the products were dried at 50°C and stored in dark glass bottles for further characterization and application.
Preparation of the modified carbon paste electrodes
Bare carbon paste electrodes (CPEs) were prepared by mixing 400 mg of graphite powder and 150 mg solid paraffin with a mortar and pestle. The modified CPEs were prepared in similar procedures, except that 40 mg of RT NPs was added into the graphite powder in an agate mortar. The mixture was put in an incubator until solid paraffin melted completely. Then the paste was immediately packed into a glass tube (1 cm in diameter), and the electrical contact to paste was set up with a copper wire. The electrode surface was smoothed with a slick paper. Before use, the electrode was soaked in 1.0 × 10 −3 mol/L ractopamine solution for 30 min, to ensure the electrode was activated.
Sample preparation
The preparation of pork samples follows the method reported in the literature [28] [29] [30] . Briefly, 10 g of smashed pork was added into 20 mL 0.1 mol/L HClO 4 . After being homogenized for 2 min, the mixture was centrifuged (at 8,000 rpm, 10 min). After that, the clear liquid was collected and the residue was extracted with the same process again as mentioned above. Both supernatants were merged together, and the pH value was adjusted to 9.0 with 1.0 mol/L NaOH. Then, 3.0 g NaCl was added. Subsequently, 25 mL ethyl acetate was added into the supernatant, and the mixture was vortexed for 10 min. The organic layer was collected and evaporated under N 2 stream at 60°C. Finally, the extracted product was diluted to 50 mL HAc-NaAc buffer solution. Spiked samples were prepared in the same steps, except a known amount of ractopamine standard were added to the pork sample before treatment.
Preparation of standard RAC solutions
A stock solution of 0.1 M RAC was prepared. The working solutions (10 −7 to 10 −1 M) were prepared by serial appropriate dilution of the stock solution.
Characterization
To identify the composition of the synthetic products, Fourier transform infrared spectroscopy (FTIR) was performed by using a SHIMADZU spectrum system (SHIMADZU, Kyoto, Japan) with a resolution of 4.00 cm −1 . The morphologies of the products were studied by scanning electron microscopy (SEM; Hitachi, S4800, Tokyo, Japan) and transmission electron microscopy (TEM; JEM-1200EX, Tokyo, Japan). The mean diameter of the corresponding sample was performed by using dynamic light scattering (DLS; Malvern, Nano ZS90, Worcestershire, UK). The electrochemical data were obtained using a CHI660C electrochemical workstation using cyclic voltammetry and electromotive force measurements. A packed saturated calomel electrode (SCE) was used as an external reference. The typical cell for electrochemical data measurement was assembled as follows: SCE, KCl (3 M) | sample solution | the general carbon paste electrode or the modified carbon paste electrode.
Results and discussion
Characterization of the prepared RT NPs Figure 2a shows the SEM image of the obtained RT NPs; it is clear that the products were monodisperse nanoparticles with sizes of around 50 nm. This was further demonstrated by TEM image and DLS size distribution shown in Figure 2b , and these results confirmed that the size of the prepared RT NPs mainly distributed in the range of 40 to 50 nm. The surface of the carbon paste electrode modified with RT NPs was shown in Figure 2c , and it was obvious that the RT NPs were uniformly scattered on the surface of the electrode. FTIR spectra of RT NPs clearly show the characteristic absorption peaks ascribed to TPB at 612, 707, 735, 1,014, and 1,427 cm −1 (Figure 2d , indicated by black arrows) and the typical absorption peaks ascribed to RAC at 1,092, 1,479, and 1,578 cm −1 (Figure 2d , indicated by blank arrows). These results suggest the formation of a stable complex between RAC and TPB in RT NPs.
Sensor properties of RT NPs
The response range of an ion-selective electrode is the linear part of the calibration curve [17] . As shown in Figure 3 , the RT NP-modified CPEs (curve b) presented a wider response range compared to the general CPEs (modified only with RAC, curve a). The results were in line with the Nernstian behavior on the electrodes, and the concentration range is from 0.1 to 1.0 × 10 −7 mol/L. The detection limit was calculated by the linearization method [17] . Compared to a detection limit of 2.7 × 10 −7 mol/L for general CPEs to RAC, RT NP-modified CPEs presented a much lower detection limit of 7.4 × 10 −8 mol/L. Kong et al. reported a detection limit of RAC of 2.38 × 10 −8 mol/L based on a molecularly imprinted polymer film [25] ; Rajkumar and his coworkers reported a detection limit of 1.5 × 10 −7 mol/L by using zirconia nanoparticle-modified electrodes [26] ; and Wu et al. got a detection limit of 17 μg/L by using graphene oxide as sensors [27] . Thus, the detection limit of 7.4 × 10 −8 mol/L of RT NP-modified CPEs is at a similar detection limit level for RAC reported in the recent literatures. Figure 4a showed no peak current. Figure 4b showed only a small peak current obtained at the general carbon paste electrode. Figure 4c revealed that the redox peak current of the RT NPmodified CPEs increase significantly compared to the other two CPEs. This is most likely due to the presence of RT NPs, which may have increased the surface area of the electrode and provided faster electron transfer between the drug molecules. The effect of the scan rate on the oxidation of ractopamine at CPEs Figure 5a shows the cyclic voltammograms of 1.0 × 10 −3 mol/L RAC at different scan rates in the range of 100~900 mV/s on the modified CPEs. Figure 5b shows a linear relationship between the peak current and the scan rate. The calibration equation is I = 1.06 + 28.98 V and the correlation coefficient is 0.9992. According to the above equation, an adsorption controlled process occurred at the surface of the modified CPEs.
Electrochemical behaviors of carbon paste electrodes
Response time and lifetime of RT NP-modified CPEs
Response time is an important indicator for the prepared sensor. It refers to the length of time needed by the electrode reaching equilibrium since it soaked into the test solution. The response time was evaluated by changing the concentration of ractopamine from 0.1 to 1.0 × 10 −4 mol/L. The response time of RT NP-modified CPEs over the concentration range was 10 s, which is much shorter than the response time in general CPEs and the literature result of >100 s [25] . In the low concentration solutions, the response time was calculated as almost 20 s. The lifetime of RT NP-modified CPEs was obtained for 3 months by the normal use, while the general CPEs can be used for 10 weeks. After the lifetime, the properties of the electrode will decrease and the detection limit will increase. Those results are listed in Table 1 ; the data revealed that the detection limit of the modified CPEs was from 7.4 × 10 −8 mol/L to 3.4 × 10 −7 mol/L after 10 weeks of extensive use. This may be because of the loss of exchange of ions in the pastes when soaking CPEs into the solution, which results in the increase of the detection limit and the decrease of the slopes. 
Effect of pH on the sensor properties
The value of pH was carried out by a digital pH meter. The effect of pH on the potential values of the RT NP-modified electrodes was investigated in a 1.0 × 10 −3 mol/L ractopamine solution. The pH adjustments in the solutions were employed by an addition of 0.1 mol/L hydrochloric acid and sodium hydroxide solutions. The effect of pH on CPEs is shown in Figure 6 . Figure 6a shows that the response pH range of the RT NP-modified CPEs was from 2.85 to 7.18, which is much wider than that of general CPEs from 3.86 to 5.9 (Figure 6b ). It is probably that the RT NPs increased the surface area of the electrode and provided a faster and more stable electron transfer between drug molecules.
Selectivity of RT NP-modified CPEs
Selectivity is one of the most important characteristics of these electrodes. In order to prove that the prepared electrodes are only responsive to target ions, and other ions are not affected, the interference experiment was carried out.
When an ion-selective electrode responds to a major ion, it will be affected by other ions. Thus, selectivity coefficient (K i,j ) was used to define the response selectivity of one sensor electrode to target ions, and K i,j can be calculated by the matched potential method (MPM) from the following equation: K i,j = a i /a j . The smaller the value of K i,j , the higher the selectivity of the electrode on target ions. Selectivity coefficients of various ions for the RT NP-modified electrode are listed in Table 2 . The values of K i,j were all less than 0.01; those data proved that the prepared RT NP-modified electrode was very selective over the studied interference.
Determination of ractopamine in pork
In order to verify the proposed RT NP-modified CPEs in practical analysis, the developed method mentioned above was applied for the determination of RAC in pork samples. The pork samples were treated as described before and detected by the electromotive force (EMF) measurement. No RAC was detected in the commercial pork samples; then, the recovery experiments were carried out by the standard addition method. Different concentrations of RAC were added, and the recoveries were measured. The determination results are listed in Table 3 . 
